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The emission characteristics in the fluorescence of two laser- 
driven dipole-dipole-interacting three level atoms is investi- 
gated. When the light from both atoms is detected sepa- 
rately a correlation of the emission processes is observed in 
dependence of the dipole-dipole interaction. This opens the 
possibility to investigate the dipole-dipole interaction through 
the emission behavior. We present Monte-Carlo simulations 
which are in good agreement with the analytic solutions. 

PACS numbers: 42. 50. Fx, 42.50.Lc, 42.50.Ar 



The problem of the influence of a neighboring atom on 
atomic emission behavior has been investigated 

since a very long time. Especially the problem of the 
correlation of the emission of two neighboring atoms has 
found quite some interest dj-Q. This is a complex is- 
sue and the answer is very much dependent on various 
system parameters such as the strength of the pumping 
field, the life times and the wavelengths of the differ- 
ent transitions involved. An early theoretical calculation 
concluded that the dipole-dipole interaction between ad- 
jacent atoms is irrelevant for quantum jumps within a 
3-level-system under the usual experimental conditions 
where the Rabi frequency of the pump field is large com- 
pared to all other rates in the problem |^,^. Those re- 
sults have been confirmed by quantum Monte-Carlo cal- 
culations 0-0, H. In this paper we reconsider the 
problem of dipole-dipole interaction and investigate espe- 
cially the correlations in the emissions of two neighboring 
atoms which are observed individually. 




FIG. 1. Two dipole-dipole-interacting 3-level-atoms, sepa- 
rated by a distance i? in a laser field resonant to the transition 
|1> - |3) 



The arrangement is shown schematically in Fig. |l|. We 
consider 2 identical nearby atoms in a trap, each with 
levels |2) and |3}. One of the atoms (say atom 1) 
is initially prepared, e.g. by pulsed excitation in a 
metastable state |2). A resonant cw pump interacts with 
both atoms. The initial state of atom 1 is such that it 
can start interacting with the pump either due to decay 
to the state |3) by emission of a photon or via excitation 
to the state [1) as a result of the dipole-dipole interac- 
tion. In the second case atom 2 goes to the state |2). In 
our analysis we assume that the level spacing |1) ^ |2) is 
close enough, so that the dipole-dipole interaction is ef- 
fective only on this transition. The transitions |1) <-> |3) 
and |2} ^ |3) are supposed to lie in the optical domain, 
where the distance between two atoms is assumed to be 
much larger than the wavelengths of the corresponding 
transitions. For example in In+ the wavelength on the 
1) |2) corresponds to 9.3/xm which could be two to 
three times the distance between two trapped ions [ p5[ . 
We further assume that the fluorescence from each atom 
can be resolved individually by two distinct detectors 1 
and 2. In what follow let us work in the limit 
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(1) 



In our prepared system, detector 1 will not detect any 
fluorescence while atom 2 is fluorescing on the |1) |3) 
transition until the dipole-dipole interaction on the tran- 
sition |1) <-* 1 2) brings atom 1 towards the cycling tran- 
sition |1) <-*■ |3) and atom 2 towards the metastable state 
2). In this case detector 1 is switched on and at the same 
time detector 2 is switched off. Detector 2 will remain 
off until either the atom 2 makes a transition from the 
state 1 2) to |3) by spontaneous emission or again to the 
state |1) by the dipole-dipole interaction. If atom 2 goes 
to the state |3), both the detectors will be on. If on the 
other hand atom 2 goes to the state |1) by dipole-dipole 
interaction, then again detector 1 will switch off. Under 
the above inequality the dipole-dipole interaction is more 
probable and hence the chance for both detectors 1 and 
2 to switch on at the same time is rare. We thus con- 
clude that the fluorescence records of the detectors 1 and 
2 will be complementary. This complementary record of 
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fluorescence is a clear signature of the dipole-dipole in- 
teraction between the two atoms. The key ingredients in 
the above argument are (a) the inequality (1), (b) prepa- 
ration of one of the atoms in the metastable state |2), 
(c) capability to resolve the fluorescence from individual 
atoms which are separated by a distance much bigger 
than the wavelength of the strong transition. In what 
follows we will present results from the quantum Monte- 
Carlo simulation of the fluorescence from the two 3-level- 
atoms. These simulations validate the above ideas. 

The two identical atoms are assumed to be at fixed po- 
sitions Tj , and the field outside the laser-beam in the 
vacuum state. The dipole matrix elements of the atoms 



are defined as d,; 



{i\x\j) and the atomic operators 



for the «-th atoms as ctJ™ := |n)i(m|. The interaction 
hamiltonian for two dipole-dipolc interacting threc-level- 
systems reads |l6| 



r + h.c. 
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and 5ks := -i 
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For the time steps At used in the simulations we need 
the time- development of the system under the condition 
that no photon is emitted in the time between t = and 
t = At. This is described by a non-hermitian 'conditional 
hamiltonian', including the atom laser interaction, which 
is found to be llOl-|ll,|rr 
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Here 27;"™ is the Einstein A-coefficient for the transition 
\n) ^ \m) for i — j and 2flii is the Rabi frequency. For 
i ^ j, 7j"'" is the complex parameter which describes the 
strength of the dipole-dipole interaction, where we have 
made the rotating-wave-approximation in the derivation 
of (H). In the Markov approximation they can be calcu- 
lated analytically 



nm _ nm ik„„,r 

7i2 — 2^11 ® 
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1 - cos^ 



(iknml')^ (iknmr)^ 



1 -3cos^ 



(6) 



Here r — 
and 0„m 



|ri — is the distance between the two atoms 
the angle between dnm and ri — Y2- For the 



further calculations we define 7"™ = 7™ = 7"™, 7"™ •= 
Re (7^2"") and Q}^ :=Im(7iT) 




FIG. 2. Real part of dipole-dipole interaction parameter 
-iZ" in units of 7"'" 



Their spatial dependence is shown in figure |and|. Ob- 
viously 7j™ and tend to zero for r ^ cxd, but for 
r — > diverges. This means that ri'™(r) can have 
important consequences for the evolution of the system 
for r < Xnm- By use of the Monte-Carlo simulations we 
indeed show, that this is the case for the quantum-jump- 
behavior of the system. 
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FIG. 3. Imaginary part of dipole-dipole interaction param- 
eter D.^';^ in units of 7°™ 



The evolution of the state vector between two consecutive 
emissions is given by [|o|-Ojl^] 



\^{t + At)) =1^1- -i/condAi j (7) 

where we assume that At is much larger than the inverse 
optical frequencies but much smaller than all the atomic 
decay times. 

To show that the dipole-dipole interaction can have im- 
portant consequences for the quantum-jump-behavior of 
the system we detect the fluorescence light of the two 
atoms separately with the detectors 1 and 2, which are 
modeled by the operators 
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A = |3)i(l| 



(8) 



where the probabiUty Pi for a measurement with the de- 
tector i is proportional to the excitation probabihty of 
the i-th atom. We find: 



(9) 



After each measurement we have to continue with the 
reduced state |^')red = "^Al^'), with N being a normal- 
ization constant. 

Next we focus on the dipole-dipole interaction on the 
transition |1} ^ |2}, where the r-dependent factor ^ 
is largest. In the time evolution of the system which 
is given by equation (Q) the interaction parameter 7II 
appears with the operators 



^12^21 , ^12^21 



(10) 



If the probability amplitude for the system being in state 
|1,2} = |l}i (g) 12)2 is not zero for the initial state the 
probability amplitude of being in state |2, 1) is not zero 
one time step further. Consequently the dipole-dipole- 
interaction drives the system from a non-entangled state 
to an entangled state ||l^. This is a non-classical effect, 
which we can detect with our setup. The relevant time 

scale of this process is ^ as is clear from equation (0). 

T12 

To see the effect, on atom has to be in state |2), which 
can be prepared by an appropriate laser pulse, while the 
other one must have a non zero probability of being in 
state |1) what is achieved by the driving laser. The initial 
state for the simulation is therefore |1,2). It is evident, 
that every 'click' of one of our detectors destroys the en- 
tanglement and one starts again with a separable state. 
There are no problems with decoherence effects, as no 
coherence needs to be reserved longer than the lifetime 
of the upper state |1). 

If we compare the time scales and probabilities in the 
regime (|l|) it is clear that atom 1 shows fluorescence, i.e. 
detector 1 clicks, while atom 2 is dark. There are two 
possible decays which change the fluorescence behavior 
of the system (a) atom 1 falls to |2) and both detectors 
do not detect any further photons (b) atom 2 falls to 
|3) and both atoms show fluorescence at the same time. 
There is also a probability for a third event which is the 
most interesting in this context. As mentioned above 
with every time step where we have a non zero probability 
amplitude of the system being in state |1, 2) we get a non 
zero probability amplitude for being in state |2, 1), due 
to the dipole-dipole interaction. If this transition occurs, 
atom 2 gets excited to state |1) from where it starts to 
cycle on the |1) <-> |3) transition and to emit fluorescence 
photons, while atom 1 ends up in the metastable state |2) 
and gets dark. Finally we have three possible changes of 
the detection rates, which are clearly distinguishable. As 



we are interested only in the third, we do not count the 
times where both atoms are bright or dark. We assume 
that in this case we prepare our initial state again. We 
are then in a situation where always one atom is in state 
1 2). Consequently the dipole-dipole interaction on the 
transition |1) ^ |3) has no effect as the corresponding 
operators in the time evolution are zero. 
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FIG. 4. Flip in the detection rates of the two detectors. 



The time interval for the summation of detections is for 
the Rabi-frequency fiij — 8. The emissions of atom 1 are 
plotted with positive, those of atom 2 with negative sign, so 
the plot shows an event where atom 1 gets dark and atom 2 
bright at the same time . 



The flip in the detection of fluorescence (Fig. ^) is a clear 
signature of the dipole-dipole interaction of the system 
and shows how the quantum jump statistic can be modi- 
fied by cooperativity. Note that the effect of dipole-dipole 
interaction is not observable if we do not distinguish be- 
tween the fluorescence of the two atoms . To see how 
this behavior is connected to the interaction parameter 
7^1 we count the flips per unit time for different atom dis- 
tances of interest (from r = O.IA12 to r = 3A12) and find, 
up to a scaling factor, very good functional agreement 
with (Fig. 11). 
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FIG. 5. Monte-Carlo data of Flips per time compared to 
hiif for 4t = 2 ■ 10"^ with c, = 2 and Qr = 8. 
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If we further analyze our data for different ratios of the 
decay rates 7^^ and 7^^ we find that the remaining scaling 
factor Cs is nearly constant over reasonable magnitudes. 
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FIG. 7. Scaling factor for different ratios of 7^^ to 7^^ with 
fiij = 8. We find this factor by a least-square fit of the 
Monte-Carlo Data to the values of I712P 



The result is shown in Fig. |^. This shows that indeed the 
flip rate is a consequence of the dipole-dipole interaction 
and that other parameters than 7JI do not intervene. 
In conclusion, we have outlined one solution to the prob- 
lem of detecting the dipole-dipole interaction in the phe- 
nomena of quantum jumps. For that purpose we ana- 
lyzed a system of two dipole-dipole interacting 3-level- 
systems and proposed, in contrast to earlier calculations 
|p|,pyr^, a detection scheme, where we distinguish be- 
tween the two atoms in order to monitor the conse- 
quences of this interaction. Within this scheme there 
are no problems related to decoherence, as no coher- 
ences need to be preserved over timescales longer than 
the shortest decay time of the system. Furthermore the 
dependence of the flip rate on the spatial variation of the 
dipole-dipole interaction has been analyzed. 



[1] R. J. Cook and H. J. Kimble, Phys. Rev. Lett. 54, 1023 
(1985). 

[2] C. Cohen- Tannoudji and J. Dalibard, Europhys. Lett. 1, 
441 (1986). 

[3] R. J. Cook, Progr. Optics 28, 363 (1990). 



4 



[4] H. D. W. Nagourney, J. Sandberg and H. Dehmelt Phys. 

Rev. Lett. 56, 2797 (1986). 
[5] T. Sautcr, W. Nouhauscr, R. Blatt, and P. E. Toschek, 

Phys. Rev. Lett. 57, 1696 (1986). 
[6] J. C. Bergquist, R. G. Hulet, W. M. Itano, and D. J. 

Wineland, Phys. Rev. Lett. 57, 1699 (1986). 
[7] R. G. Hulet, D. J. Wineland, J. C. Bergquist, and W. M. 

Itano, Phys. Rev. A 37, 4544 (1988). 
[8] M. Lewenstein and J. Javanainen, IEEE J. Quantum 

Elect 24, 1403 (1988). 
[9] G. S. Agarwal, A. C. Brown, L. M. Narducci, and 

G. Vetri, Phys. Rev. A 15, 1613 (1977). 

[10] H. J. Carmichael, Statistical Methods in Quantum Optics 

1 (Springer, 1999). 
[11] K. M0lmor, Y. Castin, and J. Dalibard, J. Opt. See. Am. 

B 10, 524 (1993). 
[12] G. C. Hegerfeldt, Phys. Rev. A 47, 449 (1993). 
[13] C. Skornia, J. von Zantier, G. S. Agarwal, E. Werner, 

and H. Walther, to be pubhshcd. 
[14] H. C. Nagerl, D. Leibfricd, H. Rohdc, G. Thalhammer, 

J. Eschner, F. Schmidt-Kaler, and R. Blatt, Phys. Rev. 

A 60, 145 (1999). H. C. Nagerl, C. Roos, H. Rohde, 

D. Leibfried, J. Eschner, F. Schmidt-Kaler, and R. Blatt, 

Fortschr. der Phys. 48, 623 (2000). 
[15] E. Peik, J. Abel, T. Becker, J. von Zanthicr and 

H. Walther, Phys. Rev. A 60, 439 (1999). J. von Zantier, 
C. Skornia, G. S. Agaxwal, and H. Walther, Phys. Rev. 
A (2001). 

[16] G. S. Agarwal, Quantum Optics, vol. 70 of Springer 
Tracts in Modern Physics (Springer, 1974). 

[17] A. Beige and G. C. Hegerfeldt, Phys. Rev. A 59, 2385 
(1999). 

[18] D. Jaksch, J. I. Cirac, P. ZoUer, S. L. Rolston, R. Cote, 
and M. D. Lukin, Phys. Rev. Lett. 85, 2208 (2000). 



5 



